Deformation regimes of collagen fibrils in cortical bone revealed by in situ morphology and elastic modulus observations under mechanical loading.
The mechanical properties of the bone play a decisive role in the resistance of the bone to fracture. Clinically, the quantity of the bone in the mineral phase has been considered as the gold-standard indicator for the risk of bone fracture. However, the bone is a complex tissue with a hierarchical-structure consisting of organic matrix, mineral hydroxyapatite, and water. Collagen comprises up to 90% of the organic matrix in the bone, and is vital for its mechanical behavior. To date, the morphological and mechanical responses of collagen fibrils in the bone matrix have been largely overlooked. In the present study, an atomic force microscopy-based imaging and indentation approach is introduced and integrated with a tibia axial loading model. The morphology of mineralized Type I collagen fibrils of the murine cortical tibia is imaged after demineralization, and the in situ elastic modulus of the fibrils is quantified at different loading conditions. Results suggested that the mineralized collagen fibrils are stretched in the early phase of bone deformation, characterized by the elongation of the D-periodic spacing. Reorientation of the collagen fibrils is demonstrated in the subsequent phase of bone deformation. The in situ radial elastic modulus of the collagen fibrils remained constant under the tested loading conditions. These experimental findings provide evidence in support of the unique deformation regimes of bone tissue from the perspective of alterations of mineralized collagen fibrils. This study allows the understanding of the unique mechanical behavior of the bone at the nanoscale, and reveals the mechanisms of relevant diseases that impair the mechanical properties of the bone.